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In previous papers l ) (which are referred to as I hereafter) we investigated a possible microscopic mechanism for shock wave generation in high energy heavy ion collisions. The nuclear excitation induced by a nuclear collision was described in terms of phonons. It was shown that as the collision proceeds phonons are coherently excited and show a characteristic feature of the shock wave. In this treatment the action of the projectile on the target was replaced by that of a potential moving with a constant velocity. We may construct this potential by superposing the nucleonic potential between projectile nucleons and the target ones with amplitudes of nucleonic states in both nuclei. To treat both systems equally from a microscopic viewpoint, one of the authors (M.I) proposed a formalism which is essentially an application of the Glauber approximation to the process.
)
The assembly of nucleons in the projectile nucleus was assumed to move in a group during the collision and the Glauber approximation was applied to the relative motion between the centers of masses of the projectile and the target nucleus. In this treatment the deceleration of the relative motion due to the nuclear excitation was not taken into account. In this paper we extend the Glauber approximation so as to take into account the slowing down of the relative motion. In § 2 the formulation of the modified Glauber approximation is presented.
As an application of this formalism we come back to the shock wave problem in high energy heavy ion collisions, which was treated in I. We are anxious to know how the coherency of phonon production is modified when the slowing down of the relative motion is taken into account. First we briefly recapitulate in § 3 the phonon formalism introduced in I. The velocity of the relative motion between the projectile and the target is a quantum mechanical operator. In high energy collisions, however, the momentum transferred in each individual step of the collision is small compared with the momentum of the relative motion. Thus the variation of the relative velocity is rather small and we can safely approximate the velocity operator by a classical quantity. Moreover, since the transverse momentum transfer in high energy nuclear collisions is small, we assume that the relative motion is on a straight line. Under these approximations the scattering amplitudes are explicitly written in terms of phonon amplitudes in § 4. Phonons are generated coherently by a moving source which is gradually decelerated as the collision proceeds. The resulting nucleon spectra are discussed in § 5 and the typical example is shown in § 6. As discussed in I, the angular distribution of nucleons displays a peak corresponding to the Mach angle, if the slowing down of the relative motion is neglected. The deceleration of the relative motion works so as to suppress the peak as is expected. Angular correlations between emitted particles are also discussed. § 
Extension of the Glauber approximation
Our dynamical system is composed of a projectile nucleus and a target nucleus. The energy-momentum of each nucleus is governed by the relativistic relation:
Here KT(P)' MT(P) and eT(p) denote the momentum, the ground-state mass and the excitation energy of the target (projectile) respectively. The suffix T(P) means the quantity associated with the target (projectile) nucleus. If we use a potential V for the interaction energy between the projectile and the target, the total energy becomes
where r is the position vector of the center of the projectile measured from the center of the target. It is convenient to take the center of mass system (Kp 
where an eigenvalue of the "projectile energy" Hp is given by Es=E-MT-Cs. It will be shown later that the energy transfer (Ok per one elementary process is small compared with the projectile energy. This leads us to the approximation N ow we set up the fundamental assumption in our theory:
(i) The vector ks in Eq. (2·9) has the incident direction (z-axis) and its magnitude is given by
which shows that the ks corresponds to the "projectile momentum".
(ii) The 9's( r) varies slowly compared with the plane wave e iksZ so that· its second derivatives can be neglected. These assumptions reduce Eq. (2·10) to t s
=~(ivs)-l<sl Vls')e i (ks'-ks)Z9's"
where Vs =-ks/ Es. It should be noted that our approximation is different from the usual one 3 ) (Glauber approximation) in which all the quantities ks are set to be equal to the initial momentum of the projectile. Therefore one may expect that the present model is capable of dealing with the slowing down of the projectile. In order to rewrite Eq. (2· 13) in a more compact form, we introduce
which represent the momentum and the velocity of the projectile respectively if the interaction is switched off. Equation ( 
It can easily be shown that these simultaneous equations have the following formal solution satisfying our initial condition: To proceed further we must know the nature of the intrinsic state Is>. We assume that the intrinsic motion of the projectile is inert during the collision as discussed in the previous section. The intrinsic motion of the target nucleus is visualized by the nuclear density fluctuation
Here p(x) is the density operator and po is its mean value with respect to the ground state. In the phonon approximation, the fluctuation is expanded in terms of phonon operators as follows :1) where m denotes the nucleon mass and .Q the nuclear volume. The operator ak t where Hr' means the Hamiltonian for the other mode which is independent of the phonon mode. Since our interaction is described by the density which is just the phonon mode we neglect Hr' hereafter.
If one denotes the creation operator of a particle (hole) with momentum k by akt(bk t ), the phonon creation operator is expressed in terms of particle-hole operators with the usual manner: (3·5) in which the forward amplitude and the backward one are defined by
This is the same as the plasma mode in the electron gas. 4 ) Noting that a k and a k t satisfy the boson commutation relation, we obtain the approximate commutation relation between pair operators:
The factor 4 comes from the spin-isospin variables.
The interaction between the projectile and the target is given in terms of the effective nucleon-nucleon potential v( r) as (2 ·18), our intrinsic wave function would become a phonon coherent state. However, Eq. (3·15) has the rather complicated structure than it looks. It is here worthwhile to notice that our intrinsic wave function depends not on the relative momentum but on the velocity only. In the high energy limit (v---+ 1), our intrinsic state approaches the definite state (scaling),5) if particle productions were neglected. § 4. Quasi-classical approximation for the intrinsic motion In this section we will calculate the scattering amplitude (2·22) in which the interaction is replaced by the boson expression (3 ·15). Our main task is to calculate the matrix element *) For example, it can be shown that from Eq. (3'13) [Hp, Vl=[-~(jJka.'ak, Vl~O ((jJkV) which has been used in Eq. (2'11). 
Equation (4·3) shows that our intrinsic state is excited to form phonon coherent states through the collision. Therefore our scattering amplitude (2·22) is rewritten as 
Finally let us determine the classical dynamical variable v( r ). It should be derived from the original expression by some physical approximation. However we will take the following phenomenological form for convenience. It is based on the nucleon-nucleon scattering data presented in Fig. 1 where the values of the longitudinal momentum transfer (PL-P/) is taken from Ref.
6).
If we denote the mean free path of a nucleon travelling through the nuclear matter as II, we get the relation
(4'8)
According to Fig. 1 , one may be allowed to assume that the damping rate f.1. has a constant value. Then Eq. (4·8) has the solution (4'9)
where d means the z-coordinate of the projectile at which the interaction between the projectile and the target is switched on. § 5.
Inclusive distributions
Since the exhaustive data on the high-energy heavy ion collision have not been obtained yet, our present knowledge on the reaction mechanism in these collisions is mainly derived from the inclusive cross section. The experimental results measured up to the present are one-particle and two-particle inclusive distributions. 5) In this section we will calculate these quantities within our theoretical framework.
According to Eq. (2· 20), the probability that the projectile is scattered in the direction Q together with the intrinsic state Is> (s * 0) is given by
Subsequently the nucleons which have energies enough to escape from the excited nucleus are emitted. The one-particle (momentum) distribution in the target after the collision is expressed as (5, 1) where N p is the number operator for the nucleon in the target. With the use of Eq. (2,23), Eq. (5,1) is transformed into the following expression: where the operator Ii which is a function of the phonon number ak t ak is approximated by (5'5) In order to proceed further calculations, we note that The expectation value of the right-hand side of the above equation can be calculated in the same manner as in the case of <N(p» and is given by (5) (6) (7) (8) (9) (10) where the function 5 is given by Eq. (5) (6) (7) (8) and LlS is defined as
O~r expression (5-10) for the two-particle inclusive distribution consists of two parts. The first term means the product of each one-particle inclusive distribution (5-7) . The second corresponds to the two-particle correlation within each individual collision event. From Eq. (5-11), it has always minus sign mainly due to the Pauli principle. Experimentally, however, the following correlation function is often used instead of Eq. It should be noted that the above correlation function does not vanish even if LlS =0. This is because the single-particle spectrum depends on the impact parameter of the collision. Then the numerator of Eq. (5) (6) (7) (8) (9) (10) (11) (12) gives 
R(Pl, P2»0
which is numerically confirmed ( § 6).
(for LlS=O) § 6_ Application to the Ne+ U collision As a typical example, we apply our model to the case of Ne+ U collision (E = 400 Me V / A). 7) It is our aim to investigate the influence of the slowing down effect on the inclusive distributions. Our calculations are preliminary so that the extensive study on this model including the comparison with the experiments will be made in a subsequent paper.
To begin with, let us consider the potential U ( r ) produced by the projectile. Equation (3) (4) (5) (6) (7) (8) gives
It must be noted that this expression is written in the reference system belonging where Vk is the Fourier transform of the effective nucleon-nucleon potential and
The Fourier components (6·2) of our potential is obviously enhanced in the forward and backward direction. As for Vk, we may take a simple soft core potential Vk = Vo exp( -/Fk 2 ) (,1=0.25 fm) considering the relevant high-energy phenomena. The value of Vo is left as a parameter.
In the first place, the total and the reaction cross sections are computed and the results are as follows:
for f1.=0,
Noting that we take JrR2 = 147 (fm respectively. Generally the emitted particle number is very enhanced and the above-mentioned features are altered as follows: (ib) The Mach peak disappears in two cases.
(iib) The enhancement of the backward emission is unchanged.
*) It will become important to take account of the simultaneous excitation of the projectile as for the emission of the high energy nucleons. Therefore the values calculated in the case of 100 MeV nucleons is not so significant for us. (iiiib) The slope of the energy spectrum becomes independent of the emitting direction.
Next we consider the two-particle correlation. For convenience, our interest is limited to the correlation between two nucleons with 20 MeV energy. The polar angles of PI and P2 are denoted by (81, qJl = 0) and (82, qJ2) respectively. The zenith angle correlations are shown in Fig. 5 where PI is fixed and qJ2=0. On the other hand, Fig. 6 represents the azimuthal angle correlations where PI is fixed and 82=81. These figures show that: (iv) The minus correlation due to the Pauli principle is seen in all cases. (v) The peak of positive correlation appears near the region of Pauli correlation in the cases of zenith angle correlation. The slowin~ down effect (,u = 0.15) raises these curves in the positive direction uniformly. § 7. Summary and discussion
The center-of-mass motion of the colliding nuclei can be described in the framework of the Glauber approximation. We modify it so as to take into account the excitation of the target nucleus and the resulting slowing down of the center-of-mass motion. During the collision the target nucleus is excited due to the action exerted by the projectile and the phonons are generated. If the velocity of the projectile is approximately constant throughout the collision, phonons are generated coherently. A characteristic feature of the shock wave appears when the projectile velocity exceeds the velocity of the phonon propagation. In our case the projectile is decelerated transferring its energy to the target and the coherency of phonons diminishes. The velocity of the projectile is an operator in our treatment and its eigenvalue is determined by the state of the target. Since the mean momentum transfer in the individual nucleonic collision is small compared with the momentum of the center-of-mass motion, we approximate the velocity operator of the projectile as a c-number. The deceleration of the projectile originates from its energy transfer to the target. These quantities should be treated selfconsistently. Since our main interest here is, however, to see the effect of deceleration on the coherency of phonon generation, we have treated the rate of deceleration as a parameter. As the damping rate we have taken the value which is determined from the nucleon-nucleon collision. This may too much overestimate the actual value for the center-of-mass motion.
Our model mentioned above is based on the basic assumption that the nucleons belonging to the projectile can be always distinguished from the ones belonging to the target. This leads us to the requirement that the final longitudinal momentum of each nucleon in the projectile is larger than the Fermi momentum, which restricts the value of ,u.
The single particle spectra were calculated for the case of Ne+ U collision at 400 MeV / A. The Mach peak in the one-particle inclusive spectra disappears in the strong damping case. We see that the backward emission is enhanced. This is mainly due to the effect of the Lorentz contraction of the potential between colliding nuclei. However this tendency is not seen in the experimental data,7) which may be caused by the neglect of the simultaneous excitation of the projectile and the oversimplified phonon mode ((3'5) and (3·6)). Two particle correlations were also calculated. The negative correlation due to the Pauli principle is seen as is expected. Positive peak which appears in the correlation function is considered to originate from a sort of collective phenomenon. Throughout this paper the excitation of the projectile is not considered. To include it formally is a straightforward matter. The production of mesons as well as the formation of nucleonic resonance states should be taken into account. These will be done in subsequent papers.
